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lectricity and spectral absorption
in Nd-doped bismuth titanate hierarchical
microspheres for efficient piezo-photocatalytic H2

production and pollutant degradation†

Yan Zhao, Yan Zhang, * Qianqian Xu, Hanyu Gong, Mingyang Yan, Kaiyu Feng,
Xiang Zhou, Xuefan Zhou* and Dou Zhang

Hydrothermally synthesized Nd-doped bismuth titanate (Bi3.15Nd0.85Ti3O12, BIT-Nd) hierarchical

microspheres with assembled nanosheets were developed for water splitting and wastewater purification

utilizing the piezo-phototronic effect for the first time. Undoped Bi4Ti3O12 (BIT) microspheres were

simultaneously studied for comparison to reveal the role of Nd doping. Under the combined light and

ultrasound excitation, the degradation efficiency of RhB (C0 = 10 mg L−1) solution reached 97.5% in 8

minutes in the presence of the BIT-Nd microspheres, leading to an ultrahigh first-order rate constant k

of 0.407 min−1, which was 4.9 times higher than that of the BIT microspheres. More impressively,

superior piezo-photocatalytic activity in water splitting compared to that of other reported piezo-

photocatalysts was achieved in the BIT-Nd microspheres, which showed a H2 evolution rate of 1330.3

mmol g−1 h−1 without any cocatalyst or scavenger. To understand the origins of the excellent piezo-

photocatalytic performance, microstructure analysis and piezoelectric and photoelectric

characterization, as well as density functional theory calculations were carried out. After Nd doping, the

atomic framework of the Ti–O octahedron underwent an apparent distortion, resulting in a stronger

ferroelectric polarization, and thus a larger piezoelectric potential output under pressure. Moreover, the

thinner nanosheets in the BIT-Nd microspheres were more susceptible to deformation under the

ultrasonic effect, which was also beneficial to generate a higher piezoelectric field that inhibited the

charge carrier recombination. Additionally, the presence of Nd 4f orbitals in BIT-Nd effectively reduced

the band gap and promoted the spectral absorption and production of photogenerated carriers. These

merits enabled the BIT-Nd microspheres to exhibit strong piezo-photocatalytic activity.
1. Introduction

The utilization of semiconductor photocatalysts has great
potential to alleviate the energy crisis and environmental
pollution.1,2 In general, efficient absorption of light, rapid
separation and transfer of photoexcited charge carriers, and
abundant active sites contribute to high photocatalytic perfor-
mance.3 However, the unsatisfactory solar energy utilization
and the high recombination of photoexcited charge carriers in
conventional semiconductor materials are signicant issues
that limit the photoelectric conversion efficiency, and result in
weak and inefficient photocatalytic activities. A series of
measures to improve the photocatalytic efficiency have been
considered which include system innovation,4 morphology
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maneuvering,5 doping modication,6 and heterostructure
construction.7 Typically, the piezo-phototronic effect in piezo-
electric semiconductors with the coupling of the piezoelectric
effect and photoelectric effect has been widely studied due to
the alternating built-in electric eld which is benecial to
facilitate the charge separation.8–10

In recent years, the material family showing the piezo-
phototronic effect has been extended from metal oxides, e.g.
ZnO11 and perovskite structure ferroelectrics, e.g. BaTiO3 (ref.
12) to layered two-dimensional (2D) materials, e.g. g-C3N4.13

Among the piezo-phototronic semiconductors, bismuth layer-
structured ferroelectric Bi4Ti3O12 (BIT) is particularly attractive
owing to its special electronic structure of a hybridized valence
band composed of Bi 6s and O 2p orbitals that facilitate the
generation of electron–hole pairs,14 and the favorable ferroe-
lectricty with a spontaneous polarization of ∼40 mC cm−2 along
the a-axis and ∼4 mC cm−2 along the c-axis.15 Moreover, the
layered structure with [Bi2O2]

2+ bismuth oxide layers and
[Bi2Ti3O10]

2− perovskite layers stacked alternately along the c-
J. Mater. Chem. A, 2024, 12, 1753–1763 | 1753
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axis allows the growth of BIT crystals with a 2D shape, which is
easy to be deformed under mechanical vibrations.16 Most of the
studies about the piezo-photocatalytic performance of BIT
nanostructures are concentrated on wastewater purication,
including dye degradation. For examples, Tang et al. reported
the piezo-photocatalytic activity of BIT nanosheets with
different oxygen vacancy concentrations, which reached a k ∼
0.214 min−1 for the decomposition of RhB solution (C0 = 5 mg
L−1).17 Bai et al. prepared Bi4Ti3−2nCrnNbnO12/x-g-C3N4 hetero-
junctions which showed a piezo-photocatalytic degradation
efficiency of RhB (C0 = 10 mg L−1) of 98.7% within 45 min.18

Nevertheless, the relatively large band gap (Eg = 3.29 eV) of BIT
limits the spectrum utilization efficiency,19 and on the basis of
the present research, the piezo-photocatalytic performance of
BIT-based nanostructures is worth further optimization.

Metal ion doping is a popular and effective strategy to
modulate the piezoelectric and photoelectric properties of BIT-
based crystals. Rare earth metal ion doping in BIT, i.e., Bi3.25-
M0.75Ti3O12 (BMT, M = La, Sm, Nd, and Eu), has been proven to
be effective to enhance the visible light absorption (narrowed
band gap) and restrict the recombination of electron/hole pairs,
leading to the improved photocatalytic activity.20 However, the
underlying mechanisms related to the band structure or elec-
tronic conguration have not been claried. On the other hand,
in BIT-based bulk ceramics, it has been demonstrated that the
substitution of Bi3+ by the lanthanide series Nd3+ ions with
a smaller ionic radius [r(Bi3+) = 1.30 Å, r(Nd3+) = 1.27 Å] can
apparently enhance the spontaneous polarization and thus
piezoelectric response due to the increased structural distortion
that is the rotation of the TiO6 octahedron in the a–b plane and
the incline of the distorted TiO6 octahedron away from the c-
axis.21 For example, Chon et al. concluded that the largest value
of remanent polarization (2Pr = 103 mC cm−2) was achieved at x
= 0.85 in the Bi4−xNdxTi3O12 system,22,23 and the piezoelectric
coefficient increased from∼7.3 pC N−1 (ref. 24) to∼14 pC N−1.25

These results inspire us to explore the piezo-photocatalytic
performance of Nd-doped BIT nanostructures, which are ex-
pected to possess higher piezoelectric potential output and
enhanced spectral absorption compared to the widely-studied
BIT piezo-phototronic nanocatalysts. Specically, their piezo-
photocatalytic activity in water splitting would be of great
interest considering that no relevant research has been con-
ducted to date.

Since the catalytic activity of piezo-photocatalysts is struc-
ture-dependent, their morphology design is of signicance for
efficient light and mechanical energy capture and trans-
formation.26 One-dimensional nanostructures such as nano-
wires and nanorods, as well as two-dimensional nanostructures
like nanosheets, are inherently inclined towards improving
charge separation and reducing charge recombination.3 Among
them, the large at size of nanosheets provides them with
a large capture area for light and mechanical energy, presenting
great potential for highly efficient piezo-photocatalysis.27 In this
work, Bi3.15Nd0.85Ti3O12 (BIT-Nd) hierarchical microspheres
with assembled nanosheets are synthesized by a hydrothermal
method, and we provided the rst evaluation of the piezo-
photocatalytic performance of the BIT-Nd hierarchical
1754 | J. Mater. Chem. A, 2024, 12, 1753–1763
microspheres in the aspects of water splitting for H2 production
and dye degradation at high/low frequencies. Using a combi-
nation of piezoresponse force microscopic measurements, UV-
vis absorbance spectrum characterization, nite element anal-
ysis, and density functional theory calculations, an in-depth
understanding of the excellent piezo-photocatalytic perfor-
mance of the BIT-Nd hierarchical microspheres is presented in
this work.

2. Results and discussion
2.1 Morphology and microstructure

Fig. 1(a) shows the XRD patterns of the Bi4Ti3O12 (BIT) and
Bi3.15Nd0.85Ti3O12 (BIT-Nd) powders in the 2q range of 10–60°.
The XRD peaks are well matched with those of orthorhombic
Bi4Ti3O12 (JCPDS #80-2143), demonstrating that Nd3+ has been
successfully dispersed into the crystal lattice to form a solid
solution. The Nd3+ ions replace and occupy the Bi3+ ion posi-
tions due to their similar ionic radii ((r(Nd3+)= 1.27 Å), r(Bi3+)=
1.30 Å). Fig. 1(b) shows that the peak (117) shis to lower angles
with the introduction of Nd, indicating a slight increase in both
lattice parameters and volume of the unit cell.28 In addition, for
the pure BIT powders, a typical orthorhombic symmetry was

observed, as evidenced by the splitting of
�
1115

�
and (202)

characteristic peaks at 2q values of 47.3° and 47.9°, respectively.
For BIT-Nd powders, the peak splitting disappeared and only
a single peak can be observed, indicating a phase trans-
formation from the orthorhombic phase into the pseudo-cubic
structure phase.29 Fig. 1(c)–(f) show the SEM and AFM images of
the BIT and BIT-Nd powders. BIT-Nd exhibits regular spherical
structures composed of self-assembled nanosheets with
a uniform size. This nanosheet-assembled hierarchical micro-
sphere structure inherits the initial undoped BIT structure. The
average edge length of BIT nanosheets is ∼470 nm, with an
average thickness of ∼78 nm. In contrast, the BIT-Nd nano-
sheets show an edge length of ∼400 nm with an average
thickness of ∼35 nm, which is lower than half of that of the BIT
nanosheets. The thinner nanosheets in BIT-Nd reveal that Nd3+

doping as intercalation ions in BIT can reduce the crystalliza-
tion rate of the nanosheets.30 The EDS mapping reveals
a homogeneous distribution of Bi, Ti, Nd and O elements in
both BIT and BIT-Nd, as shown in Fig. S1.† Fig. S2† shows that
the dominant pore sizes of BIT-Nd and BIT both are ∼40 nm,
and the surface areas of BET are 32.61 m2 g−1 and 27.67 m2 g−1

respectively.
Fig. 1(g)–(i) display the TEM observation results of the BIT-

Nd hierarchical microspheres. Fig. 1(g) shows that the assem-
bled nanosheets are well-dened with a clear rectangular
outline. The atomic-resolution TEM image, as depicted in
Fig. 1(h), exhibits uniform fringes across the entire nanosheet.
The interplanar crystal spacings were measured to be 0.265 nm
and 0.192 nm, which are in good agreement with the (200) and
(220) atomic planes, respectively. The corresponding selected-
area electron diffraction (SAED) pattern in Fig. 1(i) shows that
BIT-Nd shows a single crystal characteristic. The survey XPS
spectra in Fig. 1(j) reveal signals for Bi, Ti, O, Nd, and C
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Morphology andmicrostructure characterization of the BIT and BIT-Nd hierarchical microspheres. (a) XRD patterns and (b) expanded XRD
patterns of the BIT and BIT-Nd powders. SEM images of the (c) BIT and (d) BIT-Nd hierarchical microspheres. AFM images and the corresponding
height curves of the (e) BIT nanosheets and (f) the BIT-Nd nanosheets. (g) Bright-field TEM image, (h) atomic-resolution TEM image, (i) SAED
pattern, and (j) survey XPS spectrum of the BIT-Nd hierarchical microspheres. High-resolution XPS spectra of (k) Nd 3d and (l) O 1s of the BIT-Nd
hierarchical microspheres.
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elements, indicating the absence of impurities in BIT-Nd. Based
on the value of binding energy, the Bi3+ and Ti4+ states can be
demonstrated as shown in Fig. S3.†Moreover, the XPS spectrum
of the Nd 3d peak can be deconvoluted into two peaks at 1005.8
and 982.5 eV by Gaussian processing, as shown in Fig. 1(k),
corresponding to Nd 3d3/2 and Nd 3d5/2 of Nd3+. Notably, the
binding energy located at 531 eV is observed, oen attributed to
the O2

− ions in oxygen decient (VO) regions (Fig. 1(l)). The
presence of VO favors the adsorption and activation of O2
This journal is © The Royal Society of Chemistry 2024
molecules on the surface of piezoelectric materials, which is
conducive to accumulation of electrons from the localized
electrons of oxygen vacancies, ultimately leading to the gener-
ation of $O2

−.31,32

2.2 Piezoelectric properties and optical properties

The optical responses of the BIT and BIT-Nd hierarchical
microspheres were investigated by measuring the UV-vis
absorbance spectra as shown in Fig. 2(a). The BIT-Nd
J. Mater. Chem. A, 2024, 12, 1753–1763 | 1755
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Fig. 2 Piezoelectric and optical properties of the BIT and BIT-Nd hierarchical microspheres. (a) UV-vis diffuse reflectance spectra and the
corresponding band gap of BIT and BIT-Nd. (b) Mott–Schottky plots of BIT-Nd and BIT at different frequencies of 1 kHz, 2 kHz, and 3 kHz. (c)
Transient photocurrent responses and (d) EIS Nyquist plots of BIT and BIT-Nd. PFM amplitude-voltage butterfly loop and PFM phase hysteresis
loop of (e) BIT-Nd and (f) BIT.
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powders demonstrated higher absorption intensity in the
wavelength range of 450–800 nm, compared with BIT powders,
which indicated that the effective doping improved the light
absorption performance. Based on the equation of ahy = B(hy
− Eg)

1/2,33 the band gap (Eg) of BIT-Nd and BIT were calculated
to be 2.89 eV and 3.11 eV, respectively. Enhanced light
absorption and a narrowed band gap are both benecial to the
higher sunlight energy utilization and enhancement of pho-
tocatalytic activity. Both BIT and BIT-Nd are n-type semi-
conductors with positive slopes at different frequencies (1
kHz, 2 kHz, and 3 kHz), as shown in Fig. 2(b). The at band
potential of BIT and BIT-Nd is −0.51 V and −0.44 V, respec-
tively. The transient photocurrent intensities were measured
over several cycles of intermittent light irradiation to demon-
strate the photo-excited carrier separation behavior of BIT and
BIT-Nd, as shown in Fig. 2(c). The photocurrent density of BIT-
Nd reaches 7.44 mA cm−2 and is 1.7 times higher than that of
BIT, indicating that photogenerated carriers are efficiently
separated in BIT-Nd. The EIS Nyquist plot of BIT-Nd presents
a smaller radius compared to that of BIT, demonstrating the
lower charge transport resistance, which contributes to the
improvement of piezophotocatalytic activity, as shown in
Fig. 2(d). As shown in Fig. 2(e) and (f), by applying a ±12 V DC
bias eld, both BIT and BIT-Nd exhibit classical amplitude-
voltage buttery loops and well-dened 180° phase reversal
hysteresis loops, conrming the existence of ferroelectric
switch behavior and piezoelectricity.34 Importantly, the
maximum piezoelectric response amplitude of BIT-Nd is about
2.3 times larger than that of BIT, indicating the higher
piezoelectric response of BIT-Nd.35 Therefore, the BIT-Nd
hierarchical microspheres with high surface area, a smaller
band gap, stronger photonic excitation, faster charge transfer
1756 | J. Mater. Chem. A, 2024, 12, 1753–1763
and higher piezoelectricity could lead to a superior piezo-
photocatalytic activity.

To better understand the change in Eg, the theoretical
calculations were performed using DFT to investigate the band
structures of BIT before and aer Nd3+ doping. The calculations
were based on the BIT unit cell, with consideration given to Nd
doping by replacing two Bi atoms with two Nd atoms. As shown
in Fig. 3(a) and (b), the calculated Eg of BIT-Nd (1.57 eV) is
smaller than that of BIT (2.32 eV), which is consistent with the
results of the experimental analysis (Fig. 2(a)). However, both of
them are lower than the values of experimental Eg due to the
ignored self-interaction correction and discontinuity in the
exchange–correlation energy and potential.36,37 The bottom
conduction band (CB) of BIT is mainly composed of Ti 3d and Bi
6p orbitals, whereas the top valence band (VB) is mainly
composed of Ti 3d, Bi 6s and O 2p orbitals. The CB of BIT-Nd is
mainly attributable to the Ti 3d, Bi 6p and Nd 4f orbitals, and
the Ti 3d, Bi 6s and O 2p and Nd 4f orbitals are the main
contributions to the VB. The reduction in Eg of BIT-Nd may be
attributed to the presence of Nd 4f orbitals and the introduction
of an additional spin polarization valence band (SPVB) in the
original band gap of BIT.18

The inuence of Nd3+ doping on the ferroelectric polariza-
tion was calculated by using DFT, where BIT-Nd was con-
structed by replacing two Bi atoms in the pseudo-perovskite
layer with Nd atoms.18 Fig. 3(c) and (d) show the structural
changes in the Ti–O octahedron in BIT before and aer Nd3+

doping. Clearly, aer substituting Bi with a Nd atom, the atomic
framework of the Ti–O octahedron exhibits signicant distor-
tion, leading to a reduction in the symmetry of the crystal
structure, as shown in Fig. S4.† The Ti–O bond lengths of BIT-
Nd decrease, and the [TiO6] octahedron exhibits a greater
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Theoretical calculations of the band structure and lattice structure of BIT and BIT-Nd. Density of states (DOS) of (a) BIT and (b) BIT-Nd
calculated by DFT calculations. [TiO6] octahedron structures of (c) BIT and (d) BIT-Nd and the corresponding theoretical bond lengths (unit: Å)
and bond angles. FEM simulation of the piezoelectric potential distribution in (e) BIT and (f) BIT-Nd nanosheets with lateral deformation.
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rotation angle compared to that of BIT. Therefore, for BIT-Nd,
the TiO6 octahedron possesses a larger distortion, which
serves to enhance polarization and promote piezoelectric
response. To investigate the generated piezoelectric potential
distribution in BIT and BIT-Nd nanosheets, nite-element
method (FEM) simulations were performed, as presented in
Fig. 3(e) and (f). The geometrical parameters, including the edge
length and thickness, were close to the actual sizes observed by
SEM, as shown in Fig. 1(c) and (d). The size of the simulated BIT
was 470 nm × 470 nm × 78 nm, while the size of the simulated
BIT-Nd was 400 nm× 400 nm× 35 nm. In addition, the applied
stress was set as 100 MPa considering the impact force caused
by acoustic cavitation and acoustic pressure38 and the bottom
surface was xed and grounded.34 FEM simulation shows that
the maximum piezoelectric potential generated by BIT and BIT-
This journal is © The Royal Society of Chemistry 2024
Nd nanosheets was 1.06 V and 1.75 V, respectively. The thinner
nanosheet has a larger aspect ratio (length/diameter) and
a smaller ground contact area than the thicker one, resulting in
easier deformation and a higher piezoelectric potential, which
may result in a more efficient catalytic process.
2.3 Catalytic activities for dye degradation and H2 evolution

Fig. 4(a) and (b) illustrate the degradation efficiency of RhB
solution in the presence of the BIT-Nd hierarchical micro-
spheres under different degradation conditions. As shown in
Fig. 4(a), the degradation of RhB was negligible only under
stirring at a speed of 200 rpm (referred to as “stir200 + dark” in
Fig. 4), suggesting that low-frequency stirring had little effect on
the photocatalytic reaction. However, RhB degradation rates of
J. Mater. Chem. A, 2024, 12, 1753–1763 | 1757
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Fig. 4 Piezo-photocatalytic performance of the BIT-Nd and BIT hierarchical microspheres for RhB degradation. (a) Relative variations of RhB
concentration over time (C0= 10mg L−1) under different degradation conditions in the presence of BIT-Nd and (b) the corresponding ln(C/C0)−
t plots with the calculated k and R2 values. (c) Piezo-photocatalytic activity of BIT-Nd for degrading the RhB solution with different initial
concentrations. (d) Piezo-photocatalytic activity of BIT-Nd for degrading the RhB solution (C0 = 40 mg L−1) at different stirring speeds. (e)
Comparison of the k values between BIT and BIT-Nd for the degradation of RhB solution (C0 = 10 mg L−1) under different conditions. (f) The k
values achieved in this work and recently reported piezo-photocatalysis studies.
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91.9% and 97.3% were achieved within 15 minutes under the
conditions of “Stir200 + light” and “ultrasonic + dark”, respec-
tively. Moreover, combining the effect of light and ultrasonic
excitations remarkably enhanced the degradation of RhB solu-
tion, reaching 97.5% within 8 minutes. The trend of the kinetic
curve is consistent with linear tting kinetic curve trends,39,40

and the resulting k and R2 values are summarized in Fig. 4(b).
Compared to photocatalysis alone (k = 0.142 min−1) and pie-
zocatalysis alone (k = 0.227 min−1), the k value achieved by the
combined piezo-photocatalysis (k = 0.407 min−1) surpasses the
sum of the k values for the above two individual catalytic
process, as shown in Fig. 4(b). This enhancement is the result of
1758 | J. Mater. Chem. A, 2024, 12, 1753–1763
the piezo-phototronic coupling effect, where the piezoelectric
eld facilitates the separation of carriers and enhances the
piezo-photocatalytic performance.33 Further discussion on the
insight mechanisms behind photocatalysis and piezo-
photocatalysis will be provided later.

Fig. 4(c) gives the comparison of piezo-photocatalytic
performance of BIT-Nd at different initial concentrations of
the RhB solution. With an increase in the dye concentration, the
degradation rate decreases due to the limited active sites on the
surface of the catalyst, which are insufficient for degrading
high-concentration dyes. Furthermore, ultrasonic waves are
rarely found in natural water systems, and therefore,
This journal is © The Royal Society of Chemistry 2024
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piezocatalysis driven by the low-frequency water ow has long
been pursued. In order to evaluate the piezo-photocatalytic
activity of BIT-Nd driven by the low-frequency water ow, the
catalytic performance of BIT-Nd for degrading high-
concentration RhB solutions (C0 = 40 mg L−1) under the
conditions of light and stirring with different stirring speeds
was measured, as shown in Fig. 4(d). Under light illumination,
as the stirring speed increased from 200 to 1000 rpm, the time
required for degrading 95% RhB decreased from 40 to 30
minutes. This degradation rate is comparable to the recently
reported degradation rates of other piezo-photocatalysts under
ultrasonication and illumination,18,39,41,42 indicating the great
potential of the BIT-Nd hierarchical microspheres for future
low-frequency piezocatalysis applications.

Furthermore, we compared the catalytic activity of BIT-Nd and
BIT for the degradation of RhB solution (C0 = 10 mg L−1) under
different conditions. The reduction of RhB concentration over
time and the calculated k value are summarized in Fig. S5† and
4(e), respectively. BIT-Nd presents a higher piezocatalytic degra-
dation efficiency with a k value of 0.227 min−1, 9.5 times higher
than that of BIT, indicating the superior piezocatalytic capability
Fig. 5 (a) Under ultrasonic conditions and light excitation, the degradatio
different scavengers. ESR spectra of (b) DMPO-$OH and (c) DMPO/DMSO
piezocatalysis (2, ultrasonic + dark), and photocatalysis (3, Stir200 + lig
catalysis process (4, ultrasonic + light) in the absence of any catalyst. (d) U
at different contents of BIT-Nd. (e) The amount of H2 over time during t
0.05 g L−1 BIT-Nd. (f) The calculated H2 production rates of 0.05 g L
mechanisms for the (h) photocatalysis and (i) piezo-photocatalysis proc

This journal is © The Royal Society of Chemistry 2024
of BIT-Nd. Furthermore, when exposed to light (190–1100 nm) or
visible light (420–1100 nm) irradiation alone, better photo-
catalytic activity of BIT-Nd than that of BIT can be obtained,
which is attributed to its narrower band gap, higher light
absorption and faster charge transfer. These factors contributed
to the generation of more photoinduced electron–hole pairs and
a reduced recombination rate of carriers. Moreover, the degra-
dation efficiency is apparently enhanced by combining ultra-
sonication and light irradiation for both the BIT and BIT-Nd
powders. To assess the durability and stability of BIT and BIT-Nd
powders, 5 cycles for repeatable piezo-photocatalysis are shown
in Fig. S6.† The slight decrease in the degradation rate aer 5
cycles exhibits a stable recycling ability of BIT-Nd and BIT
powders. For the high-concentration RhB solution (C0 = 40 mg
L−1), the piezo-photocatalytic degradation efficiency reached
92.5% within 16 min in the presence of BIT-Nd, which was faster
than that of BIT, as shown in Fig. S7.† Fig. 4(f) shows a compre-
hensive comparison of k values from the recent reports and this
work, and the catalytic conditions are summarized in Table S1,†
where the catalytic performance of BIT-Nd is highly promising as
a coupled piezo-photocatalyst.
n rate of RhB solution (C0 = 10 mg L−1) in the presence of BIT-Nd and
-$O2

− measured during the piezo-photocatalysis (1, ultrasonic + light),
ht) processes in the presence of BIT-Nd, as well as the piezo-photo-
nder ultrasonic conditions and light excitation, the H2 production rates
he piezo-photocatalysis process (ultrasonic + light) in the presence of
−1 BIT-Nd, BIT, and Al2O3. (g) Crystal structure of BIT-Nd. Proposed
esses.

J. Mater. Chem. A, 2024, 12, 1753–1763 | 1759
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In order to investigate the generated active species in the
process of piezo-photocatalytic degradation of RhB solution (C0

= 10 mg L−1), phenylhydrazine (BQ), ethylenediamine tetraa-
cetate dehydrate (EDTA), and tert-butyl alcohol (TBA) were used
to remove the superoxide ($O2

−), holes (h+), and hydroxyl ions
($OH), respectively. As shown in Fig. 5(a), under ultrasonic
conditions and light irradiation, the addition of BQ, TBA, and
EDTA greatly reduced the decomposition rate of RhB from
97.5% (no additive) to 59.9%, 59.7%, and 39.7%, respectively.
The results imply that h+ acts as a major free radical during the
degradation process and the active oxygen species $O2

− and
$OH play important roles during the catalytic oxidation process.
In addition, the $OH and $O2

− radical species produced during
the photocatalysis, piezocatalysis, and piezo-photocatalysis
processes were detected by the electron spin resonance (ESR)
method,43 as shown in Fig. 5(b) and (c). The strongest radical
signal is detected under the combined conditions of ultrasound
and light irradiation, indicating that this state produces rela-
tively higher amounts of active species. This is consistent with
the result of the dye degradationmentioned above (Fig. 4(a) and
(b)), and further conrms that piezoelectric polarization
promotes the photocatalytic performance of BIT-Nd. Based on
the above discussion, the possible reaction process can be
explained by the following steps:

BIT�Nd ����������!lightþultrasound
BIT�Ndþ hþ þ e� (1)

O2 + e− / $O2
− (2)

OH− + h+ / $OH (3)

$OH + $O2
− + h+ + dye molecules / CO2 + H2O (4)

Since the BIT-Nd hierarchical microspheres exhibited an
excellent degradation rate for the RhB aqueous solution, the
catalytic performance of BIT-Nd was further assessed by the
water splitting for H2 production in pure water, without the
addition of cocatalysts and scavengers. Under ultrasonic
conditions and light excitation, the yield of H2 increased with
increasing BIT-Nd content, when the content of the BIT-Nd is
low (<0.05 g L−1). However, when the content of BIT-Nd
Table 1 Comprehensive comparison of previously reported piezo-phot

Catalyst Electrolyte Sacricial agents Conditi

1 Pt/Bi4NbO8Br nanoplates H2O Lactic acid Ultrason
2 Bi4Ti2.8Cr0.1 Nb0.1O12/5%-g-C3N4 H2O Na2S Ultrason
3 Na0.5Bi0.5TiO3 H2O Triethanolamine Ultrason
4 (Na0.5Bi0.5)TiO3–Ba(Ti0.5Ni0.5)O3 H2O Triethanolamine Ultrason
5 PbTiO3/CdS H2O Na2S and Na2SO3 Ultrason
6 KNbO3/MoS2 H2O Triethanolamine Ultrason
7 Au/AgNbO3 H2O FeSO4 Ultrason
8 PtRu/C3N5 H2O Triethanolamine Ultrason
10 d-FCNs H2O Na2SO3 Ultrason
11 BIT-Nd H2O — Ultrason
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exceeded 0.05 g L−1 and continued to increase, the produc-
tion rate of H2 did not further improve due to catalyst aggre-
gation.44 The highest H2 yield (1330.3 mmol g−1 h−1) was
achieved when the BIT-Nd content was 0.05 g L−1, indicating an
optimized content for high catalytic performance, as illustrated
in Fig. 5(d). Fig. 5(e) shows that the production of H2 by BIT-Nd
steadily increased over 60 minutes under ultrasonic conditions
and light excitation. And the XRD pattern of BIT-Nd powders
aer six cycles of H2 production is shown in Fig. S8.† The
characteristic peaks of BIT-Nd before and aer the reaction are
almost consistent, indicating the high stability of BIT-Nd
powders. As shown in Fig. 5(f), the non-ferroelectric sample
Al2O3 was tested to evaluate whether the H2 production was
caused by sonocatalysis. Negligible H2 production was observed
under the same conditions. For comparison, the piezo-
photocatalytic activity of BIT for H2 production was also
measured under the same conditions, where a H2 production
rate (45.9 mmol g−1 h−1) was obtained. Table 1 summarizes the
H2 production performance achieved in this work and previous
reports with that of many other piezo-photocatalysts. The
results highlight the promising catalytic activity of BIT-Nd as
a coupled piezo-photocatalyst in H2 generation, even in pure
water, demonstrating its comparable performance to these
systems with the addition of sacricial agents.

Fig. 5(g) displays the layered perovskite structure of BIT-Nd,
composed of the bismuth oxide and perovskite-like layers
stacked alternately along the c axis. The schematic diagrams
illustrating the charge transfer behaviors in the photocatalysis
and piezo-photocatlysis processes are shown in Fig. 5(h) and (i),
respectively. For the photocatalysis, a large number of photo-
induced electron–hole pairs are generated through photo-
emission. However, the high recombination rate of electron–
hole pairs limits their participation in the redox reaction at the
surface of BIT-Nd, leading to a low photocatalytic performance
in this state,45–48 as shown in Fig. 5(h). When the system is
subjected to periodic mechanical stress and light, as shown in
Fig. 5(i), the [TiO6] octahedron deforms and forms an internal
electric eld to promote the electron and hole transport in
opposite directions. The introduction of piezoelectric polariza-
tion enables efficient charge separation and inhibits the
recombination of photoinduced charges. Compared to BIT, the
ocatalysts and this work for H2 evolution

ons
H2 evolution
(mmol g−1 h−1) Ref.

ic: 40 kHz, 280 W; light: Visible light 300 W 380 46
ic: 45 kHz; light: 300 W 696 18
ic: 40 kHz, 110 W; light: 200 mW cm−2 158 49
ic: 40 kHz, 200 W; light: 300 W 450 50
ic: 40 kHz, 100 W; light: 300 W 849 51
ic: 40 kHz, 100 W; light: 300 W 96 52
ic: 40 kHz, 110 W; light: Visible light 300 W 392 53
ic: 40 kHz, 120 W; light: 100 W 1010 54
ic: 40 kHz; light: visible light 638.74 55
ic: 45 kHz, 200 W; light: 300 W 1330.3 This work

This journal is © The Royal Society of Chemistry 2024
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enhanced spectral absorption, larger piezoelectric potential
under pressure, and faster charge transfer enable the BIT-Nd
hierarchical microspheres to show a more excellent piezo-
photocatalytic activity for efficient pollutant degradation and
H2 production.
3. Conclusions

This paper presents a detailed evaluation of the piezo-
photocatalytic properties of the Bi3.15Nd0.85Ti3O12 (BIT-Nd)
nanosheet-assembled microspheres for high-efficiency
hydrogen production and dye degradation for the rst time.
Due to the built-in electric eld promoting the electron–hole
pair separation, the H2 evolution rate of BIT-Nd reached 1330.3
mmol g−1 h−1 under ultrasonic conditions and light excitation
without any cocatalyst and scavenger. Furthermore, in the
process of degrading a 100 mL RhB solution with an initial
concentration of 10 mg L−1, the piezo-photocatalytic process
achieved a remarkable removal efficiency of 97.5% within 8
minutes, leading to an ultrahigh k value of 0.407 min−1, which
surpasses the sum of the k values for the photocatalysis and
piezocatalysis alone. The evaluation combines theoretical
calculations with experimental results, which collectively reveal
the positive effects of Nd3+ doping on improving the piezo-
electric properties of BIT through lattice distortion and the
reduction of the band gap via band structure engineering. At the
same time, the thinner BIT-Nd nanosheets were easier to
deform under the external forces and then produced higher
piezoelectric elds. The hierarchical microspheres, higher
piezoelectric potential, and efficient spectral absorption of the
BIT-Nd nanosheet-assembled microspheres consistently deter-
mine the ultra-high piezo-photocatalytic performance. The
lattice distortion and band structure engineering provide new
insights for designing excellent piezo-photocatalysts.
4. Experimental
4.1 Chemicals and reagents

All chemicals and reagents were obtained commercially and
used in the study without further purication, including
analytical grade Bi2O3 (99.9%, Macklin), Nd2O3 (99.99%,
Aladdin), TiO2 (99.0%, Macklin), tetrabutyl titanate (99.0%,
Adamas), Bi(NO3)3$5H2O ($99.0%, Aladdin), Nd(NO3)3$6H2O
(99.0%, Macklin), and NaOH ($98%, pellets, Macklin).
4.2 Synthesis of BIT and BIT-Nd hierarchical microspheres

Bi3.15Nd0.85Ti3O12 (BIT-Nd) and Bi4Ti3O12 (BIT) hierarchical
microspheres were synthesized by a hydrothermal synthesis
method. A certain amount of Bi(NO3)3$5H2O, and Nd(NO3)3-
$6H2O was added to the 6 mL tetrabutyl titanate solution with
a Bi : Nd : Ti molar ratio of 3.15 : 0.85 : 3. Subsequently, a 70 mL
NaOH solution with a concentration of 3 M was added to the
above prepared precursor solution. The mixture was then
continuously stirred magnetically for 0.5 h followed by trans-
ferring it into a 100 mL Teon-lined stainless autoclave and
heating at 200 °C for 24 h. The collected powders were ltered
This journal is © The Royal Society of Chemistry 2024
and washed with deionized water and ethanol at least three
times and dried at 80 °C in air for 6 h to obtain the BIT-Nd
hierarchical microspheres. BIT hierarchical microspheres
were synthesized with a Bi : Ti molar ratio of 4 : 3 under the
same synthesis conditions.

4.3 Characterization

The phase structures of the BIT-Nd and BIT hierarchical
microspheres were evaluated by the X-ray diffraction technique
(XRD, PAN-analytical Empyrean, Netherlands). The morphology
was observed by scanning electronmicroscopy (SEM, UltimMax
40, Tescan mira4 LMH), and energy dispersive spectroscopy
(EDS) was used to characterize the element distribution. The
nanostructures were observed by high-resolution transmission
electron microscopy (HR-TEM, Titan G2 60–300, USA). The
specic surface area was analyzed by the Brunauer–Emmett–
Teller (BET, ASAP 2460, USA) method. X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, USA) was carried out with
standard Al Ka 1 excitation. The piezoelectric properties were
evaluated by the contact mode piezo-response force microscopy
(PFM, NanoMan VS, USA) characterization. The UV-vis absor-
bance spectra were obtained via a UV-vis spectrometer (UV-
2000i and UV-2450, Shimadzu, Japan).

Electrochemical impedance spectroscopy (EIS), photocur-
rent measurement and Mott–Schottky curve measurements
were performed using a standard three-electrode electro-
chemical workstation (CHI604E, China). The experimental
setup comprised a three-electrode system, with a 0.5 M Na2SO4

solution serving as the electrolyte. The counter and reference
electrodes employed were the Pt electrode and Ag/AgCl elec-
trode, respectively, both immersed in a 0.5 M Na2SO4 solution.
To prepare the working electrode, 20 mg of the catalyst was
dispersed in a mixture of 50 mL of Naon aqueous solution and
2 mL of ethylene glycol. The homogenized suspension was then
coated onto a conductive uorine-doped tin oxide glass
substrate. For EIS measurements, a frequency range of 0.05 to
100 kHz was used. Photocurrent measurements were conducted
on the working electrode, illuminated by a 300 W xenon lamp.
The Mott–Schottky curves for the working electrode were ob-
tained at frequencies of 1 kHz, 2 kHz, and 3 kHz.

For the ESR test, take a 5 mL glass bottle and add 1 mL of
powder aqueous solution (for $OH) or DMSO solution (for
$O2

−). Quickly extract 50 mL of solution and sonicate or illu-
minate for 15 minutes. Mix this extraction solution and 5 mL
DMPO thoroughly in a centrifuge tube. Then, use a capillary
tube to extract the mixed solution and seal the bottom with
plasticine. Make sure the surface is clean and place it in a glass
tube for ESR testing on a Bruker model A300 spectrometer
(Bruker A300, Germany).

4.4 Catalytic activity evaluation for hydrogen production

The piezo-, photo-, and piezo-photocatalytic performances of
the BIT-Nd hierarchical microspheres for hydrogen production
were measured. Different doses of the BIT-Nd powders were
added to 70 mL of deionized (DI) water. A xenon lamp (300 W,
PLS-SXE300E, Beijing Perfect Light) and ultrasonic machine
J. Mater. Chem. A, 2024, 12, 1753–1763 | 1761
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(200 W, 45/80/100 kHz, KD-200, China) were used to provide
a periodic mechanical load and simulated solar source,
respectively. The amounts of generated H2 were measured by
gas chromatography (Fanwei GC-6600, China) using ultra-pure
N2 (99.9995 vol%) as the carrier gas and a thermal conduc-
tivity detector.

4.5 Catalytic activity evaluation for pollutant degradation

100 mg of the BIT-Nd and BIT powders were placed in 100mL of
RhB aqueous solution with different initial concentrations (C0

= 10 mg L−1, 20 mg L−1, and 30 mg L−1). The mixture was
stirred for 30 minutes in the dark to achieve adsorption–
desorption equilibrium between the dye and catalyst. The
relative variations of RhB concentration over time in the pho-
tocatalytic, piezocatalytic and piezo-photocatalytic processes
were evaluated, respectively. Specically, the process of photo-
catalysis required a low stirring speed of 200 rpm to ensure that
the active sites of powders were exposed to light, referred to
“Stir200 + light”. For comparison, and as a control, the degra-
dation ratio (D%) and the rst-order kinetic rate constant (k)
were calculated according to the following eqn (5) and (6):

Degradation rate (D%) = [1 − (C/C0)] × 100% (5)

ln(C/C0) = kt (6)

where t is the reaction time, C and C0 are the instantaneous and
original dye concentrations, respectively, and k can be obtained
from the slope of the ln(C0/C)− t curve to determine the kinetics
of the degradation process.

4.6 Finite element analysis

COMSOL Multiphysics® (combinations of solid mechanics,
electrostatics, and electrical circuit modules) was used to set
up a 3D nite-element model to analyze the piezoelectric
potential.

4.7 DFT calculations

The density functional theory (DFT) was based on the utilization
of the Cambridge sequential total energy package (CASTEP) in
Material Studio soware. The Perdew–Burke–Ernzerh (PBE)
generalized gradient approximation (GGA) was chosen for
exchange–correlation potential. The convergence tolerances of
the energy, the maximum force and displacement were set as 1
× 10−5 eV, 0.03 eV Å−1 and 0.001 Å, respectively. A k-point grid
of 6 × 6 × 1 was adopted for structure optimizations.
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